Virus particles were reassembled in vitro from tomato aspermy virus strain V (V-TAV) RNA and a mixture of subunits prepared from V-TAV and 3~S-labelled cucumber mosaic virus strain T (T-CMV). Immunodiffusion tests showed that the reassembled particles reacted with polyclonal antisera raised against both V-TAV and T-CMV. Radioactivity was found in the precipitin line formed between the reassembled particles and antiserum raised against T-CMV as well as in the precipitin line formed between the reassembled particles and antiserum raised against V-TAV. This shows that 35S-labelled T-CMV protein subunits were incorporated with V-TAV protein subunits into the same particles. Thus, coat proteins of V-TAV and T-CMV can coassemble and form mixed-subunit capsids in vitro.
The coat protein subunits of two cucumoviruses, cucumber mosaic virus (CMV) and tomato aspermy virus (TAV), can encapsidate each other's RNA in vitro, as well as the RNA of tobacco mosaic virus (Chen & Francki, 1990) . Since the particle structures of cucumoviruses and the molecular masses of their coat protein subunits are similar (Francki, 1985; Palukaitis et al., 1992) , the question arises as to whether coat protein subunits of two different cucumoviruses can combine in the same capsid to produce a particle with a mixedsubunit capsid. In this paper, we show that particles comprising coat protein subunits of both TAV (strain V, V-TAV) and CMV (strain T, T-CMV) can assemble in vitro.
To label T-CMV coat protein, 2.5 mCi ~5SO~-(in 1 ml of aqueous solution; Amersham) was applied directly to the roots of Nicotiana clevelandii plants infected with T-CMV and showing the first signs of systemic symptoms (5-7 days post-inoculation). The plants were then kept under continuous light for 6-8 days (Hajimorad, 1989) . Unlabelled T-CMV and V-TAV were propagated in N. clevelandii in the glasshouse. Both the labelled and unlabelled viruses were purified as described previously (Francki et al., 1979) and the viral RNAs were isolated by phenol extraction (Peden & Symons, 1973 proteins were prepared according to Chen& Francki (1990) . Concentrations of protein and RNA were determined spectrophotometrically assuming ~:0.1o/o ~280 = 1-25 and E2°6~ ~ = 25, respectively.
T-CMV protein was prepared from 1,5 mg T-CMV (0"3 mg 35S-labelled virus mixed with 1.2 mg unlabelled virus). V-TAV protein was prepared from 1.5 mg of V-TAV. T-CMV protein and V-TAV protein (each 0.7 mg) were mixed with 0.35 mg of V-TAV RNA in a total volume of 3-32 ml. The mixture was dialysed against assembly buffer (20 mM-Tris-HC1 pH 7.2, containing 80 mM-KC1, 1 mM-DTT and 1 mM-MgC12) for 16 h at 4 °C (Chen& Francki, 1990) . The mixture was analysed by sucrose density gradient centrifugation. Virus preparations were examined in a JEM 100CX electron microscope after staining with 1% uranyl acetate (Hatta & Francki, 1984) . The antiserum raised against T-CMV was previously cross-absorbed with V-TAV by adding 1 mg of the virus to 1 ml of the antiserum, incubating at room temperature for 3 h, and pelleting the virusantiserum complex by centrifugation at 370000g for 15 min. This cross-absorption procedure was done twice. The antiserum raised against V-TAV was cross-absorbed with T-CMV by the same method. The treated antisera were tested by gel diffusion to show that cross-reactions with V-TAV or T-CMV had been eliminated (Fig. 1 c) . Immunodiffusion tests were done in a 0"75 % agarose gel prepared in 20 mM-phosphate buffer pH 7.5. To locate radioactivity in the immunodiffusion test, the gel was washed in 0.8 % NaC1 for 2 days with six changes of solution to remove unreacted viral antigens and then was Electron micrograph of assembled particles recovered from the UV-absorbance peak in the sucrose gradient of (a). Bar, 100 nm. (c) Results of a gel immunodiffusion test of native T-CMV (T), V-TAV (V) and assembled particles (R) with antisera raised against V-TAV (VAs, 1:128) and T-CMV (TAs, 1:256). V-TAV or T-CMV (5 pg) or assembled particles (12 ~tg) were loaded into wells. The specific radioactivity of the 35S-labelled native T-CMV was 10820 c.p.m./l~g and that of assembled particles was 457 c.p.m./pg. The T-CMV used here was a mixture of 3~S-labelled and unlabelled preparations in the ratio 1 : 9 by weight. (d). Autoradiograph of (c). Note that radioactivity appeared in both the precipitin lines formed between reassembled particles and T-CMV antiserum, and between reassembled particles and V-TAV antiserum.
dried at 37 °C in an incubator overnight. The dried gel was subjected to autoradiography using Fuji X-ray film (RX) at -7 0 °C for 3 days.
Reassembly o f V -T A V R N A with the mixture o f proteins o f T -C M V and V -T A V yielded a single major c o m p o n e n t when analysed by sucrose density gradient centrifugation (Fig. 1 a) . Cucumovirus-like particles were recovered from the peak fractions o f the gradient and are shown in Fig. 1 (b) . The yield o f reassembled particles (calculated by the a m o u n t of protein recovered in virus particles relative to that used for reassembly) was about 60 %. The gradient-purified reassembled virus particles were then used in gel diffusion tests with antisera raised against both T -C M V and V-TAV.
In the co-assembly process, three types o f particle with different capsid protein components could possibly be formed. These are T -C M V coat protein alone, V -T A V coat protein alone and mixed capsids with both T -C M V and V -T A V proteins. The first of these types, that is the heterologous particles with V -T A V R N A and only T-C M V coat protein in the capsid, would occur in the precipitin line between the assembled particle mixture and T -C M V antiserum. These capsids would be radioactive. Fig. 1 (c, d) shows the presence o f such particles.
The second of these types, that is the homologous particles with V-TAV RNA and only V-TAV coat protein in the capsid, should occur in the precipitin line between the assembled particles and V-TAV antiserum (Fig. 1 c) and would not be radioactive. The third type of particle, comprising mixed T-CMV and V-TAV subunits, would form precipitin lines between the assembled particles and both antisera, and these lines would both be radioactive. The detection of radioactivity in the precipitin line between the V-TAV antiserum and the antigen well (Fig. 1 c, d) shows that such mixed-subunit capsids are present. Thus, the V-TAV subunits in the mixed-subunit capsids could have conferred the serological recognition by V-TAV antiserum while the T-CMV subunits could have contributed the radioactivity (Fig. 1 c, d) .
The demonstration that particles with mixed capsids containing coat protein subunits of both V-TAV and T-CMV can be assembled in vitro suggests that there is no specificity in assembly between coat protein subunits of these two viruses.
Particles with mixed capsids have been produced in vitro from the bromoviruses, brome mosaic virus, cowpea chlorotic mosaic virus and broad bean mosaic virus (Wagner & Bancroft, 1968) . The resulting capsids reacted with antisera raised against each of the parental viruses, and were identified as having mixed-subunit capsids by having different electrophoretic patterns from their parental viruses. The bromoviruses differ from the cucumoviruses in their reassembly behaviour. They have a stronger protein-protein interaction and they can form capsid structures in the absence of viral RNA, whereas cucumoviruses do not (Kaper & Geelen, 1971; Habili, 1974) . It seems likely that in forming a mixed-subunit capsid, the spatial structure of the coat protein subunits of V-TAV and T-CMV may be similar, and that the protein-protein interactions will be as weak as they are in homologous cucumovirus particles.
Mixed-subunit capsid formation in virus particles is one of the possible outcomes of multiple virus infections of plants (Matthews, 1991) . The access of viral coat protein subunits of one virus to the assembly site of another virus in the same infected cells seems to be the primary factor that would influence the formation of such mixed-subunit capsids. Similarities in the subunits of the viruses may also be vitally important. In this regard, closely related viruses may have more opportunities to interact in this way. Otsuki & Takebe (1978) reported that mixed capsids comprising subunits of both tobacco mosaic and tomato mosaic tobamoviruses could be identified in co-infected tobacco protoplasts. However, there have been no other reports of in vivo mixed-subunit capsids of other plant viruses, although it would be easily overlooked unless this was a common occurrence.
A possible consequence of mixed-subunit capsid involving viruses with different vector specificity could be the enhancement of transmission of the viruses, if transmission determinants of the viral capsids were readily recognized by the vectors.
In addition to affecting transmission specificity, mixed capsid production may alter other functions determined by the coat protein such as patterns of symptom expression and long and short range translocation of the virus. These aspects will need further investigation.
